Neural microelectrodes are an important component of neural prosthetic systems which assist paralyzed patients by allowing them to operate computers or robots using their neural activity. These microelectrodes are also used in clinical settings to localize the locus of seizure initiation in epilepsy or to stimulate sub-cortical structures in patients with Parkinson's disease. In neural prosthetic systems, implanted microelectrodes record the electrical potential generated by specific thoughts and relay the signals to algorithms trained to interpret these thoughts. In this paper, we describe novel elongated multi-site neural electrodes that can record electrical signals and specific neural biomarkers and that can reach depths greater than 8mm in the sulcus of non-human primates (monkeys). We hypothesize that additional signals recorded by the multimodal probes will increase the information yield when compared to standard probes that record just electropotentials. We describe integration of optical biochemical sensors with neural microelectrodes. The sensors are made using sol-gel derived xerogel thin films that encapsulate specific biomarker responsive luminophores in their nanostructured pores. The desired neural biomarkers are O2, pH, K+, and Na+ ions. As a prototype, we demonstrate direct-write patterning to create oxygen-responsive xerogel waveguide structures on the neural microelectrodes. The recording of neural biomarkers along with electrical activity could help the development of intelligent and more userfriendly neural prosthesis/brain machine interfaces as well as aid in providing answers to complex brain diseases and disorders.
INTRODUCTION
In the past few years, research into brain-machine interfaces (BMIs) has grown at a substantial rate giving rise to novel devices and new methods to study the brain [1] . BMIs aim to restore motor or sensory function to patients activating output and input pathways other than the brain's normal channels. The global aim of our work is to develop a BMI that can help paralyzed patients regain motor abilities to communicate with the outside world. Paralysis can arise from injury to the spinal cord or from brain stem strokes and diseases such as Amyotrophic Lateral Sclerosis (ALS or Lou Gehrig's disease). Progression in neurodegenerative diseases such as ALS leads to the most severe form of paralysis as patients can lose all movement ability and become 'locked-in'. All these patients have functioning brains and can still think about making movements but they cannot execute these movements. BMIs aim to harness these thoughts by recording their neural representation directly from the brain, accurately decoding the patient's intent so that they can control external devices such as robotic arms or computer software. Thus, the ability to decode neural signals and understand the neural code is paramount for the success of BMIs. Ultimately, these systems should seamlessly integrate the patient with an external robotic machine and restore natural motor function.
Recording the electrical activity of the brain has dominated neuroscience for several decades [1, 2] . Neural probes are microdevices that form the connection between the biological neural tissue with external devices and electronic systems. Typically, a neural probe consists of a single or multiple long protruding structures or shafts that have preferably thin thickness. Each shaft holds recording sites, interconnect traces and back carrier area carrying the bonding pads to connect the probes to external electronics. Ideally, shafts with minimum thickness are preferred to reduce damage to the tissue when the probe is inserted into the brain. In contrast, the shaft has to be wide enough to hold many recording sites to measure neural electrical activity at different depths and route interconnect traces to connect the recording sites to the bonding pads. In addition, the probes should incorporate sufficient mechanical strength to survive the compression and tensile forces during the insertion and retraction phases respectively while implantation into the brain. NeuroMEMS, or silicon-based neural probes allow the fabrication of long, miniaturized and well defined probes carrying accurately spaced recording sites thus fulfilling the requirements mentioned above [3] .
It is widely accepted that brain contains many other signal sources that can elucidate the nature of information flow and function [2] . For example, functional Magnetic Resonance Imaging (fMRI) relies on the de-oxygenation of hemoglobin to infer the activity (or its absence) in a cortical area. In contrast to oxygenated hemoglobin, deoxygenated hemoglobin disrupts the magnetic field which would lead to an enhancement of the MRI. Thus, this technique infers activation by measuring the changing oxygen concentration in a region. Although the causal relationship between neural activity and deoxygenation measurements is controversial [4] , the use of fMRI has gained wide acceptance and experiments using this method have contributed to many novel theories of brain function. Faster optical imaging techniques have to be used however to assess the temporal properties of the oxygen response. Several researches have reported that oxygen (O 2 ) concentration ascribed to immediate oxygen consumption can be observed 100 milliseconds after activity onset [5, 6] . Thus, hemodynamic events are tightly coupled to cortical electrical activity immediately following activation. O 2 pressure changes have also been shown to be highly specific for local increases in neuronal activity and are correlated with the degree of activity [7] . Local (invasive) oxygen measurements have been used to predict the nature of visual stimuli suggesting the presence of decoding power in the oxygen responses, a finding that has proven useful for prosthetic applications [8] . Thus, to benefit from the link between hemodynamics and neural activity, the development of an integrated platform to hold oxygen and/or other biomarkers' sensors along with electropotential recording sites to measure the neural electrical activity has become indispensable.
There have been previous implementations that targeted integration of electrical read-out sites and electrochemical O 2 sensors [9] . The complexity in their microfabrication process limited the length of the neural probes to less than 6 mm. However, we are interested in reach movements related cognitive neural information that is typically found at depths greater than 6mm in the intraparietal sulcus and deeper still in humans. Hence, we propose a novel strategy to fabricate reinforced ultra long neural probes that can be integrated with sol-gel derived optical sensors immobilized in hollow polymer waveguide support structures. The optically transparent hollow polymer waveguides are fabricated using directwrite techniques [10] . The O 2 responsive sensors are based on encapsulating the luminophore, tris (2,2'-bipyridyl 
2+ .6H 2 O) in the xerogel nano-/micro-porous matrices and these sensor materials are deposited inside the waveguide structures. Figure 1 shows the schematic representation of the hybrid multimodal neural electrode. The figure shows the electropotential recording sites on one of the neural probe and the polymer waveguide incorporating the oxygen sensor on the other neural electrode. In the next Section 2, we will describe the reinforced neural microelectrodes and the probe fabrication process. In Section 3, we will describe the development of direct-dispense process for the polymer waveguide development. Finally, in Section 4, we describe the preparation of O 2 sensor materials and the sensing scheme. 
DESIGN AND FABRICATION OF REINFORCED NEURAL MICROELECTRODES
Many elongated neural probes developed previously by several research groups including ours failed (cracked or shattered) during implantation as they were unable to withstand the insertion axial forces, retraction forces, and tension forces of the brain tissue that act upon the electrode probe. The axial force is a critical parameter as it determines the force at which the probe tip penetrates the brain tissue. In this case, the maximum stress in the probe, subjected to an axial force as it is pressed against the brain tissue, is in the middle while an average stress value is present at the bottom.
To overcome the problem of cracking and shattering, the developed prototype investigates a novel principle of reinforcing the probes in their more susceptible areas, specifically the middle of the probe, to improve their strength during implantation without increasing the structural dimensions of the probe. The reinforcement is obtained by taking benefit of the metal layer used to form the recording sites, interconnect traces, and bonding pads and adding structures of this metal layer along the middle of the probe. To determine the reliability of the reinforced probes and the significance of the reinforcement, we performed numerical studies using the finite element analysis software, CoventorWare, to determine the buckling load that the probe can 
DIRECT-WRITE FABRICATION OF HOLLOW POLYMER WAVEGUIDE STRUCTURES
As explained earlier in the paper, we focus on oxygen sensors as a prototype system due to its extensive correlation with brain functioning and neural information. The oxygen sensors are based on quenchometric sensing and use nano-/microporous xerogels to reliably encapsulate the luminophore [Ru(bpy) 3 ] 2+ molecules during the sensor operation. Xerogels are nano-/micro-porous glasses and their appeal for biorecognition elements derives from their thermal stability, tunable pore dimensions and distributions, biocompatibility, and a broad optical transparency window [12] . We employ a novel strategy to immobilize the xerogel sensors over the neural electrode array. We fabricated hollow optically transparent polymer waveguide structures using direct-dispense technique over one of the neural probe. In this configuration, the walls of the waveguide are used to transit optical excitation and fluorescence signals, the inner walls of the waveguide are coated with the xerogel materials, and the hollow waveguide structures allow the sensor materials to be in contact with the brain tissue. This configuration would protect the brittle xerogel thin-film sensor materials from rupturing during implantation into the brain tissue.
We have recently demonstrated an automated robotic technique called direct-dispense to fabricate a polymeric platform that supports optical sensors [10] . Direct-dispense is one example of the several fabrication techniques that have been grouped as direct-write techniques which also includes laser (optical) lithography, ink-jet printing and screen printing [13] . In the direct-dispense fabrication technique a robotic dispensing tool (Model I&J 2200, FISNAR Inc.) is used to precisely deposit certain materials with features on the order of several micrometers through a microscale nozzle. This technique is commonly used to produce 2-D and 3-D microstructures and microfluidic components in three processing steps [14, 15] . First, fugitive organic ink consisting of a composite of 75% of petroleum jelly and 25% of microcrystalline wax, is extruded through a micro-nozzle and deposited onto the fabricated neural electrode array as shown in Figure 4(a) . Then, uncured polymer resin is then dispensed to cover the ink and polymerized typically at room temperature for 24 hours as shown in Figure 4 Previously, significant amount of research and development has been conducted on the development of silicon based [16] and sol-gel based [17, 18] waveguide structures for optical sensing/imaging. Comparatively, the development of sol-gel based waveguide structures are much easier to fabricate and low cost. The sol-gel based waveguides are based on the addition of photo-polymerizable organics into the sol-gel materials. The waveguides are defined by exposure to ultraviolet light and subsequent processing that is similar to standard photolithography [19] . The direct-write microfabrication technique described here is comparable to sol-gel processing for the waveguides development in terms of effectiveness and cost. In addition, the use of direct-write technique for the waveguide microstructures can further improve the integration and functionality of sensor in both fluidic and gaseous environments.
In the current work, the above described direct-write technique is used to fabricate hollow waveguides with inner diameter of 100μm and outer diameter of 250μm. Each waveguide is several millimeters in length. First, a 100μm thick layer of optically transparent low viscosity epoxy (EPON Resin 828) is deposited on one of the neural electrode. The EPON Resin 828 can be crystallized upon prolonged storage (24 hours) at normal ambient temperatures. Epon resin adheres tenaciously to a wide range of substrate materials. The resin has an optical transparency of >96% between 400nm and 1600nm wavelengths. Then, 100μm diameter line of fugitive ink is deposited over the epoxy line on the neural probe. Another layer of EPON Resin 828 is then deposited to cover the line to form an ink filled channel with walls made of epoxy. Given the few hundred micrometers height of the polymer waveguide structures, we used thick fugitive ink lines on the sides to prevent the epoxy from flowing to undesirable regions on the neural electrode and this is shown in Figure 5 . The last step in the fabrication process of the hollow epoxy waveguides is the removal of ink lines which are extracted at a temperature of 65 o C under a light vacuum. Xerogel materials are then deposited inside the waveguides using low speed spin-coating along with an adhesion promoter to improve the adherence of the xerogels to the epoxy. Here, the neural electrode with the hollow polymer waveguide is mounted on a spin-coater. A small droplet of xerogel is then injected at the opening of the hollow waveguide and then sample is spun at a low speed of 20rpm. The centrifugal force makes the xerogel droplet to coat along the inner length of the waveguide. 
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The preparat polycondensa Accordingly, was stirred a mol) of 70% aged for 40 m hydrolyzed b water to silic bipyridyl) di added to 140 to the final s described ear Figure 7 shows the response of the O 2 sensitive xerogels located on the inner walls of the hollow waveguides to different oxygen concentrations. The sensors were tested by exposing them to gaseous oxygen (O 2 ) and by changing its relative percentage with respect to gaseous N2 concentration used as reference. The sensors performed over the full scale of oxygen concentration with a system response time on the order of 1 second. 
CONCLUSIONS
We described a novel methodology of integrating optical chemical sensors with neural electro-potential recording microelectrodes. We introduced the concept of reinforced neural electrodes that can enable deep brain studies in the cognitive information areas. We described the fabrication of elongated multi-probe multi-site neural microelectrodes that can reach lengths up to 10mm while having only 75µm thickness. We employed a new direct-write microfabrication technique to develop integrated sensory waveguides on top of the silicon neural probes. The simple and low cost directwrite method was used to fabricate optically transparent hollow polymer waveguide microstructures. Xerogel based oxygen sensors are deposited along the inside surface of the waveguides to serve as integrated sensor waveguides. We are currently working towards experimental evaluation of these multi-modal neural electrodes in rats and subsequently the electrodes will be tested in non-human primates.
